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(57) ABSTRACT 

A method of predicting thermal or chemical effect in a 
painted or coated composite material includes generating a 
calibration model, providing a composite material having a 
coating layer, irradiating the coating layer with infrared 
energy, detecting infrared energy reflected from the coating 
layer and predicting a thermal or chemical history of the 
coating layer using the calibration model and the infrared 
energy reflected from the coating layer. 
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400 

402 

PROVIDE COMPOSITE MATERIAL STANDARDS WITH CAREFULLY 
CONTROLLED THERMAL EXPOSURE INFORMATION IN THE RANGE OF INTEREST 
AND/OR THE PAINT ADHESION DATA FOR THE STANDARDS ASMEASURED 

4.04 

COLLECTINFRARED SPECTRA ON THE STANDARDS WITH FOUR 
ORMORE SPECTRAON EACHSTANDARD, USE THE HAND-HELD 

SPECTROMETER THAT WILL BE USED TO MEASURE MATERIAL INQUESTION 

PERFORMPRE-PROCESSING ON THE INFRARED SPECTRA 406 
FROM THE COMPOSITE STANDARDS 

4.08 

PERFORMTHE MULTIVARIATE CALIBRATION WITH APLS ROUTINE 
OR ANOTHER ALTERNATE MULTIVARIATE CALIBRATION METHOD, 

CALIBRATE TO THERMAL EXPOSURE OR MECHANICAL PROPERTIES DATA 

410 
SAVE THE CALIBRATION MODEL IN AN APPROPRIATE FORMAT. 

CONVERT THE CALIBRATION MODEL TO AMETHODFILE FOR THE HAND. 
HELD SPECTROMETERSYSTEMAND LOADIT INTO THE SPECTROMETER 

412 
USE THE NEW CALIBRATION MODEL IN THE SPECTROMETER METHOD FILE 
TO PREDICT THETHERMAL EXPOSURE OR MECHANICAL PROPERTIES 

ORMATERIAL INQUESTION 

FIG. 4 
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400a 

402a 

COLLECTINFRARED SPECTRAONTHERMAL DAMAGE STANDARDS WITH 
MULTIPLE SPECTRAMADE ON EACHSTANDARD, USE THE HAND-HIELD 

SPECTROMETER THAT WILL BE USED TO MEASURE MATERIAL IN QUESTION 
404a 

PERFORM PRE-PROCESSING ON THE INFRARED SPECTRA FROM THE 
COMPOSITE STANDARDS WITH SEVERAL OFFERENT PRE-PROCESSING 

METHODS 

406a 

PERFORMA MULTIVARIATE CALIBRATION WITH APLS ROUTINE OR 
ANOTHER SELECTED MULTIVARIATE CALIBRATION METHOD WITHEACH 
PRE-PROCESSING METHOD. THE SAME DIAGNOSTICS SHOULD BE USED 

TO EVALUATE EACH CALIBRATION MODEL 

408a 

SAVE THE CALIBRATIONMODELS IN AN APPROPRIATEFORMAT FOREACH 
PRE-PROCESSING METHOD, CONVERT THE CALIBRATION MODELS TO 
METHOD FILESTO THE HAND-HIELD SPECTROMETER SYSTEMAND LOAD 

THEMINTO THE SPECTROMETER 

410a 

USE THE NEW CALIBRATION MODELS IN THE SPECTROMETER METHODS 
FILE TO PREDICT THETHERMAL EXPOSURE OR MECHANICAL PROPERTIES 

OF MATERIAL INQUESTION FOREACH DIFFERENT DATA 
PRE-PROCESSING METHOD 

412a 

CALCULATE THE ROOT MEANSQUAREERROR OF PREDICTION FOREACH 
PRE-PROCESSING METHOD AND SELECT THE PRE-PROCESSING METHOD 

WITH THE LOWEST PREDICTIONERROR FORFUTURE USE 

FIG. 4A 
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DETECTNFRARED ENERGY REFLECTED FROM SURFACE 908 

FIG. 9 
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1000 

PROVIDE COMPOSITE STANDARDS HAVING 1002 
FAINTED OR COATED SURFACE 

SUBJECT PAINTED OR COATED SURFACEON COMPOSITE 1004 
STANDARDS TOWARYING DEGREE OF HEAT INTENSITY 

IRRADIATE PAINTED OR COATED SURFACE ON 1006 
COMPOSTE STANDARDS WITH INFRARED ENERGY 

DETECTINFRARED ENERGY REFLECTED FROM SURFACES O08 

OBTAIN INFRARED SPECTRA OF INFRARED 1010 
ENERGY REFLECTED FROM SURFACES 

PERFORM THE MULTIVARIATE CALIBRATION WITH APLS 
ROUTINE OR ANOTHER ALTERNATE MULTIVARIATE 

CALIBRATION METHOD, CALIBRATE TO THERMAL EXPOSURE 1012 
OR MECHANICAL PROPERTIES DATA 

SAVE THE CALIBRATION MODEL IN AN APPROPRIATE 
FORMAT. CONVERT THE CALIBRATION MODEL TO AMETHOD 1014 

FILE FOR THE HAND-HIELD SPECTROMETER SYSTEMAND 
LOAD IN INTO THE SPECTROMETER 

USE THE NEWCALIBRATION MODELIN THE SPECTROMETER 
METHODFILE TO PREDCT THETHERMAL EXPOSURE OR 1016 
MECHANICAL PROPERTIES OF MATERIAL IN QUESTION 

FIG, 10 
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METHOD OF PREDICTING THERMAL, OR 
CHEMICAL EFFECT IN A COATED OR 
PANTED COMPOSITE MATERAL 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation-in-part of 
co-pending U.S. patent application Ser. No. 12/164,023, 
which is related to co-pending U.S. patent application Ser. 
Nos. 12/164,025, 12/164,026, 12/164,022, and 12/164,017, 
all filed on Jun. 28, 2008, each of which applications is 
incorporated by reference herein in its entirety. 

TECHNICAL FIELD 

0002 The disclosure relates to methods for determining 
thermal or chemical effect in composite materials. More par 
ticularly, the disclosure relates to a method for accurately 
assessing thermal or chemical effect in a coated or painted 
composite material using infrared spectroscopy. 

BACKGROUND 

0003 Resin-fiber composite materials are utilized in a 
variety of applications including the aerospace industry, for 
example. Structures which are constructed of resin-fibercom 
posite materials may be exposed to heat, which may affect the 
composite materials in various ways. These heat-induced 
effects may include chemical changes Such as oxidation, 
material loss and the breaking and/or forming of chemical 
bonds occurs in the polymer chemical structure of the com 
posite materials. Resin decomposition, strength effect, char 
ring and fiber decomposition of the composite materials may 
occur at increasing temperatures. 
0004 Composite materials and epoxy-based surfacing 
films are typically cured under a vacuum at 250-350° F. for 
several hours. Repairs to the composite materials or Surfacing 
films may be necessary after initial manufacturing. These 
repairs may require the use of heating blankets. Heat blankets 
may have hot spots. Thus, during the repair some areas of the 
composite material or Surfacing film may become over 
heated; in the case of epoxy-based Surfacing films, a color 
change (dark or blackened) may be noticeable. Thermal effect 
for in-service airplanes can occur from engine and run-way 
fires, electrical problems, lightning strikes, and other causes. 
Thermal effect may affect the mechanical and structural 
integrity of composite materials and Surfacing films. 
0005 Repair or removal of heat-effected composite mate 

rials or Surfacing films on a structure may involve first deter 
mining the degree of harmful heat effect to the composite 
materials or Surfacing films. Although determining the degree 
of heat effect to composite materials or Surfacing films may 
be performed by visual inspection, heat effect may not be 
visually apparent. Previous methods of determining the pres 
ence and extent of heat effect in composite materials and 
Surfacing films includes obtaining an infrared spectrum of a 
heat-affected composite standard and correlating the infrared 
spectrum obtained from the composite standard with the 
degree of thermal effect of the composite standard. An infra 
red spectrum obtained from the composite material or Surfac 
ing film the heat effect of which is in question can then be 
compared to the infrared spectrum obtained from the com 
posite standard to determine the presence and assess the 
degree of thermal effect in the composite material or surfac 
ing film. Current methods of determining the presence and 

Jan. 6, 2011 

extent of heat effect in composite materials and Surfacing 
films include obtaining the spectra of a series of heat-affected 
composite standards and building a multivariate model with 
the spectra of those standards. An infrared spectrum obtained 
from the composite material or Surfacing film which is in 
question can then be predicted by the multivariate model to 
determine the presence and assess the degree of thermal effect 
in the composite material or Surfacing film. 
0006 U.S. Pat. No. 7,115,869 discloses a method for mea 
Surement of composite heat effect with infrared spectroscopy 
by which an amount of heat exposure to a resin-fiber com 
posite Substrate is determined. According to the method, the 
intensity of infrared energy reflected by a composite substrate 
is determined at multiple wavelengths. The amount of infra 
red energy which is reflected or absorbed at these wave 
lengths is correlated to a degree or amount of heat exposure of 
the composite substrate. The thermal effect measurement 
method of the present disclosure is more sensitive than that 
which is disclosed in U.S. Pat. No. 7,115,869 and is richer in 
spectral detail, providing a better indication of whether ther 
mal effect has occurred in a composite material as well as the 
extent of effect. Moreover, the method can be implemented 
using a hand-held spectrometer which facilitates convenience 
and flexibility in measuring the possibility or degree of ther 
mal effect in the composite material in question. 
0007 Calibration of infrared spectrometers to residual 
strength in composite materials or Surfacing films correlates 
the resin condition as read from the infrared spectrum to the 
residual strength of the material or film which degrades as the 
resin degrades with progressively increasing temperatures. 
Therefore, the infrared sensors may be calibrated using time 
controlled thermal soak standards which are obtained by 
exposing various composite materials or Surfacing film con 
trols to various temperatures for a particular time period Such 
as one hour, for example. One method of preparing the stan 
dards includes placing the standards in an oven which is 
calibrated periodically and monitored continuously using 
multiple thermocouples as the composite materials are ther 
mally exposed. Furthermore, thermal effect to composite 
materials or Surfacing films may not follow a linear course. 
The most useful parameters for thermal effect are those that 
the repair process person can understand and use as criteria 
for removal of effect material. Under circumstances in which 
it is desirable to remove all weakened material, a measure of 
the residual strength in the material is best. Multivariate cali 
bration allows calibration to Such physical properties under 
circumstances in which previous calibration methods were 
insufficient. 

0008 Infrared spectroscopy is a promising technique for 
non-destructive inspection of composites. Conventional 
inspection of coated or painted composites may require that 
the coating or paint be removed from the composite to facili 
tate direct analysis of the composite. The sampling interfaces 
available for infrared spectrometers may be negatively 
impacted by changes in the Surface properties of paints and 
coatings. This method, however, may be time-consuming. 
Furthermore, due to uneven Surfaces of composite materials, 
it may be difficult to completely remove the coating or paint 
from the composite. Because some coating or paint may 
remain on the composite, the degree of sample preparation 
may be highly Subjective and may vary from person to person. 
Moreover, removal of coating or paint from the composite 
may involve chemical and/or physical processes that may 
damage the underlying composite. 
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0009. Therefore, a method for accurately assessing ther 
mal effect in a coated or painted composite material using 
infrared spectroscopy is needed. 

SUMMARY 

0010. The disclosure is generally directed to a method of 
predicting thermal or chemical effect in a painted or coated 
composite material. An illustrative embodiment of the 
method may include generating a calibration model, provid 
ing a composite material having a coating layer, irradiating 
the coating layer with infrared energy, detecting infrared 
energy reflected from the coating layer and predicting a ther 
mal or chemical history of the coating layer using the cali 
bration model and the infrared energy reflected from the 
coating layer. 
0011. In some embodiments, the method may include gen 
erating a calibration model by calibrating infrared data to 
thermal or chemical effect information on painted or coated 
composite standards; providing a composite material having 
a coating layer, irradiating the coating layer with infrared 
energy; detecting infrared energy reflected from the coating 
layer; and predicting a thermal or chemical history of the 
coating layer using the calibration model and the infrared 
energy reflected from the coating layer. 
0012. In some embodiments, the method may include gen 
erating a calibration model by calibrating infrared data to 
thermal or chemical effect information on painted or coated 
composite standards; providing a composite material having 
a coating layer; irradiating the coating layer with mid-infra 
red energy; detecting infrared energy reflected from the coat 
ing layer, obtaining an infrared spectrum of the infrared 
energy reflected from the coating layer, and predicting a 
thermal or chemical history of the coating layer using the 
calibration model and the infrared energy reflected from the 
coating layer. 
0013. In some embodiments, the method may include gen 
erating a calibration model by providing composite standards 
having painted or coated Surfaces; Subjecting the painted or 
coated Surfaces on the composite standards to varying 
degrees of heat intensity; irradiating the painted or coated 
Surfaces on the composite standards with infrared energy; 
detecting the infrared energy reflected from the surfaces and 
obtaining infrared spectra of the infrared energy reflected 
from the Surfaces; providing a composite material having a 
painted or coated layer, providing a hand-held spectrometer 
having a specular-reflectance and specular-diffuse-reflec 
tance sampling interface; irradiating the layer with mid-in 
frared energy from the spectrometer, detecting infrared 
energy reflected from the layer with the spectrometer, obtain 
ing a spectrum of the infrared energy reflected from the layer; 
and predicting a thermal history of the layer using the cali 
bration model and the infrared energy reflected from the 
layer. 

BRIEF DESCRIPTION OF THE ILLUSTRATIONS 

0014 FIG. 1 is a series of mid-IR spectra on thermally 
exposed graphite composite (CFRP) standards which were 
exposed for 1 hour each at 400, 450 and 500 F. and no 
thermal exposure, respectively. 
0015 FIG. 2 is a the same series of mid-IR spectra from 
FIG. 1 but with first derivative and 7 point smoothing pre 
processing with the Savitzky Golay method. 
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(0016 FIG. 3 is the regression vector (either Predicted 
Residual of the Estimated Sum of Squares or Standard Error 
of Cross-Validation) from a multivariate calibration of the 
mid-IR spectra to un-notched compression test stress results 
of the standards using the PLS (partial least squares) multi 
variate calibration method. 
0017 FIG. 4 is a flow diagram which illustrates the mul 
tivariate calibration and prediction method. 
0018 FIG. 4A is a flow diagram which illustrates impor 
tant points in the multivariate calibration method. 
0019 FIG. 5 is a flow diagram of an aircraft production 
and service methodology. 
0020 FIG. 6 is a block diagram of an aircraft. 
0021 FIG. 7 is a block diagram which illustrates exem 
plary formulation of a calibration model in implementation of 
an illustrative embodiment of a method of predicting thermal 
or chemical effect in a painted or coated composite material. 
0022 FIG. 8 is a block diagram which illustrates irradia 
tion of a painted or coated composite part in implementation 
of an illustrative embodiment of a method of predicting ther 
mal or chemical effect in a painted or coated composite mate 
rial. 
0023 FIG. 9 is a flow diagram of an illustrative embodi 
ment of a method of predicting thermal or chemical effect in 
a painted or composite material. 
0024 FIG.10 is a flow diagramofan exemplary method of 
formulating a calibration model which is suitable for imple 
mentation of an illustrative embodiment of a method of pre 
dicting thermal or chemical effect in a painted or coated 
composite material. 

DETAILED DESCRIPTION 

(0025 Referring initially to FIGS. 1-4, an illustrative 
embodiment of a method of multivariate calibration for ther 
mal effect with mid-IR spectra is shown. As shown in block 
402 of flow diagram 400 in FIG. 4, the thermal effect calibra 
tion begins with providing CFRP standards that are carefully 
heated using carefully-controlled thermal exposure devices 
in a range of interest and then tested to obtain residual 
mechanical properties data. Block 404 shows the mid-IR 
spectral data collection step in which infrared spectra may be 
collected on the standards with one or more spectra on each 
standard. In some applications, a hand-held spectrometer 
may be used to measure the spectral properties of the material 
in question. The raw infrared spectra obtained for the stan 
dards are shown in FIG. 1. Block 406 describes the data 
pre-processing step and FIG. 2 shows the results of a typical 
pre-processing method. 
0026 Block 408 shows the multivariate calibration step 
which may be carried out using a PLS routine oran alternative 
multivariate calibration method. Correlation of the infrared 
spectra to thermal exposure or mechanical properties data for 
a composite material is obtained. FIG.3 shows the regression 
coefficients that result from that calibration. Block 410 shows 
the step where the multivariate calibration is saved in an 
appropriate format, converted into a method file and then 
loaded into the hand-held mid-IR device that will be used to 
read thermal effect on the CFRP material in question. In some 
embodiments, block 408 and block 410 may be replaced by 
collecting a single set of Validation Spectra that can be cal 
culated by each new iteration of the calibration method. Ide 
ally, these Validation Spectra may be collected on samples 
that are not included in the calibration set. Block 412 shows 
the CFRP material in question being predicted for residual 
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stress values that would indicate the extent of thermal effect in 
the material in question using the new calibration model in the 
spectrometer method file. If the original standards are pre 
dicted here, an accuracy figure for the methods can be 
obtained based on the difference between the known stress 
numbers and those predicted by the method just developed. 
0027. Referring next to FIG. 4A, a flow diagram 400a 
which illustrates an illustrative embodiment of a method of 
optimizing the data pre-processing method for CFRP thermal 
effect calibration with multivariate methods is shown. In 
block 402a, a thermal effect standard is provided. The ther 
mal effect standard may have been fabricated according to the 
method which was heretofore described with respect to the 
flow diagram 400 in FIG. 4. Infrared spectra on the thermal 
effect standards are collected, with multiple spectra obtained 
on each standard. A hand-held spectrometer which will be 
used to measure the material in question may be used. In 
block 404a, the infrared spectra of the thermal effect stan 
dards are made using the mid-IR wavelength range of from 
about 2.5 um to about 15 lum. Pre-processing on the infrared 
spectra from the composite standards may be made using 
several different pre-processing methods. In block 406a, a 
multivariate calibration with a PLS routine or other multivari 
ate calibration method may be performed with each pre 
processing method. The same diagnostics should be used to 
evaluate each calibration model. In block 408a, the calibra 
tion methods may be saved in an appropriate format for each 
pre-processing method. The calibration models may be con 
verted to method files which are compatible with the hand 
held spectrometer system, and then the method files loaded 
into the spectrometer. In some embodiments, block 406a and 
block 408a may be replaced by collecting a single set of 
Validation Spectra that can be calculated by each new itera 
tion of the calibration method. Ideally, these Validation Spec 
tra may be collected on samples that are not included in the 
calibration set. In block 410a, the new calibration models in 
the spectrometer methods file may be used to predict the 
thermal exposure or mechanical properties of the material in 
question for each different data pre-processing method. In 
block 412a, the root mean square error of prediction for each 
pre-processing method is calculated. The pre-processing 
method having the lowest prediction error may be selected for 
future use. FIG. 3 illustrates the regression vector from the 
multivariate calibration of the mid-IR spectra to the 
un-notched compression test stress results of the standards 
using the PLS (partial least squares) multivariate calibration 
method. 

0028. Referring next to FIGS.5 and 6, embodiments of the 
disclosure may be used in the context of an aircraft manufac 
turing and service method 78 as shown in FIG. 5 and an 
aircraft 94 as shown in FIG. 6. During pre-production, exem 
plary method 78 may include specification and design 80 of 
the aircraft 94 and material procurement 82. During produc 
tion, component and Subassembly manufacturing 84 and sys 
tem integration 86 of the aircraft 94 takes place. Thereafter, 
the aircraft 94 may go through certification and delivery 88 in 
order to be placed in service 90. While in service by a cus 
tomer, the aircraft 94 may be scheduled for routine mainte 
nance and service 92 (which may also include modification, 
reconfiguration, refurbishment, and so on). 
0029. Each of the processes of method 78 may be per 
formed or carried out by a system integrator, a third party, 
and/or an operator (e.g., a customer). For the purposes of this 
description, a system integrator may include without limita 
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tion any number of aircraft manufacturers and major-system 
Subcontractors; a third party may include without limitation 
any number of vendors, Subcontractors, and Suppliers; and an 
operator may be an airline, leasing company, military entity, 
service organization, and so on. 
0030. As shown in FIG. 6, the aircraft 94 produced by 
exemplary method 78 may include an airframe 98 with a 
plurality of systems 96 and an interior 100. Examples of 
high-level systems 96 include one or more of a propulsion 
system 102, an electrical system 104, a hydraulic system 106, 
and an environmental system 108. Any number of other sys 
tems may be included. Although an aerospace example is 
shown, the principles of the disclosure may be applied to 
other industries, such as the automotive industry. 
0031. The apparatus embodied herein may be employed 
during any one or more of the stages of the production and 
service method 78. For example, components or subassem 
blies corresponding to production process 84 may be fabri 
cated or manufactured in a manner similar to components or 
subassemblies produced while the aircraft 94 is in service. 
Also, one or more apparatus embodiments may be utilized 
during the production stages 84 and 86, for example, by 
Substantially expediting assembly of or reducing the cost of 
an aircraft 94. Similarly, one or more apparatus embodiments 
may be utilized while the aircraft 94 is in service, for example 
and without limitation, to maintenance and service 92. 
0032 Referring next to FIGS. 7-10, an illustrative 
embodiment of a method for accurately assessing thermal 
effectina coated or painted composite material using infrared 
spectroscopy, hereinafter method, is shown. While the meth 
ods herein are described with respect to assessing thermal 
effect in a coated or painted composite material, the method is 
equally suitable to assessing chemical effect in a coated or 
painted composite material. The method may utilize a spec 
trometer having a diffuse-reflectance sampling interface 
which is not affected by changes in surface reflectivity of 
paints and coatings. Generally, the method may utilize the 
coating or paint on a composite material as an indicator of the 
thermal history of the material. The method may eliminate the 
laborious process of having to remove the coating or paint 
layer prior to analyzing the underlying composite material. 
Consequently, thermal effect analysis time may be decreased 
and the need to expose the composite material to harsh chemi 
cals and abrasive processes may be eliminated. 
0033. The method may include generating a calibration 
model by correlating infrared data to thermal effect informa 
tion on painted or coated composite standards. A painted or 
coated composite material the thermal history of which is to 
be measured may then be provided. The painted or coated 
surface on the composite material may then be irradiated with 
infrared energy. The infrared energy which is reflected from 
the painted or coated Surface on the composite material may 
be detected. A spectrum of the infrared energy which is 
reflected from the painted or coated surface on the composite 
material may be obtained. The thermal history of the painted 
or coated Surface on an independently exposed composite 
material may be predicted using the calibration model. 
0034. An illustrative technique for defining a calibration 
model which is suitable for implementation of an illustrative 
embodiment of the method is shown in FIG. 7. Each of 
multiple composite standards 1 may include a composite 
substrate 2. A layer 3 may be provided on at least one surface 
of the composite Substrate 2. In some applications, the layer3 



US 2011/0001 047 A1 

may include at least one paint layer. In some applications, the 
layer 3 may include at least one non-paint coating. 
0035. The layers 3 on the multiple composite standards 1 
may be subjected to heat 7 which emanates from a heat source 
6. The heat 7 which is applied to the layers 3 of the composite 
standards 1 may have various intensities. The layer 3 on each 
heat-treated composite standard 1 may then be irradiated with 
an infrared energy incident beam 11 which is emitted from an 
infrared source 10. In some applications, the infrared energy 
incident beam 11 may be mid-infrared energy. A reflected 
infrared beam 12 may be reflected from the layer 3 of each 
composite standard 1. The reflected infrared beams 12 may be 
received by a spectrometer 14, which may store infrared 
spectra (not shown) that correspond to the reflected infrared 
energy beams 12. In some applications, the spectrometer 14 
may be a hand-held spectrometer. The infrared spectrum of 
each reflected infrared beam 12 may correspond to the ther 
mal history of the layer 3 on the corresponding heat-treated 
composite standard 1. 
0036. In some embodiments, the IR source 10 and the 
spectrometer 14 may be a hand-held ExoScan infrared spec 
trometer having a diffuse-reflectance sampling interface, 
each of which may be obtained from A2 Technologies of 
Danbury, Conn. The Exoscan diffuse reflectance sampling 
interface is designed to bring the infrared energy incident 
beam 11 to the layer 3 on the substrate 2 at near normal 
incidence. The scattered light of the reflected infrared beam 
12 is collected around the outside of the illumination cone. 
This may result in a more efficient collection mechanism for 
scattered light and may greatly reduce the amount of external 
reflectance observed (which results in negative spectral bands 
if the sample measured is reflective or semi-reflective). 
0037. An illustrative technique for determining the ther 
mal history of a composite material having a paint or coating 
which is suitable for implementation of an illustrative 
embodiment of the method is shown in FIG.8. A composite 
material 18 the thermal history of which is to be measured 
may include a composite Substrate 19. A coating layer 20 may 
be provided on the composite substrate 19. In some applica 
tions, the coating layer 20 may include at least one paint layer. 
In some applications, the coating layer 20 may include at least 
one non-paint coating. 
0038. The coating layer 20 on the composite substrate 19 
of the composite material 18 may have been subjected to an 
unknown quantity of heat during normal use of the composite 
material 18. Accordingly, the thermal history of the coating 
layer 20, or the extent to which the coating layer 20 has been 
Subjected to heat, may be measured by irradiating the coating 
layer 20 with an infrared energy incident beam 11 which is 
emitted from an infrared source 10. In some applications, the 
infrared energy incident beam 11 may be mid-infrared 
energy. A reflected infrared beam 12 may be reflected from 
the coating layer 20 of the composite material 18. The 
reflected infrared beam 12 may be received by a spectrometer 
14, which may store an infrared spectrum (not shown) which 
corresponds to the reflected infrared energy beam 12. In some 
applications, the spectrometer 14 may be a hand-held spec 
trometer. The infrared spectrum of the reflected infrared 
energy beam 12 may correspond to the thermal history of the 
coating layer 20 on the heat-treated composite material 18. 
0039 Next, the calibration model may be defined by com 
paring the infrared spectrum of the infrared energy beam 
which was reflected from the coating layer 20 of the compos 
ite material 18 to the infrared spectra which were previously 
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obtained for the composite standards 1 (FIG. 7). A match may 
be made between one of the infrared spectra of the calibration 
model and the infrared spectrum which was obtained from the 
composite material 18. Accordingly, the spectrum correlates 
to the thermal effect/chemical property via the calibration. 
0040. A flow diagram 900 of an illustrative embodiment of 
a method of predicting thermal effect in a painted or compos 
ite material is shown in FIG. 9. In block 902, a calibration 
model that correlates infrared data to thermal effect may be 
generated by correlating infrared data to thermal effect infor 
mation on painted or coated composite standards. In block 
904, a painted or coated composite material the thermal his 
tory of which is to be measured is provided. In block 906, the 
painted or coated Surface of the composite material is irradi 
ated with infrared energy. In block908, infrared energy which 
is reflected from the painted or coated surface of the compos 
ite material is detected. In block 910, an infrared spectrum of 
the infrared energy reflected from the painted or coated Sur 
face of the composite material may be obtained. In block 912, 
the thermal history of the painted or coated composite mate 
rial is predicted using the calibration model which was 
defined in block 902 and the infrared spectrum which was 
obtained in block 910. 
0041. A flow diagram 1000 of an exemplary method of 
formulating a calibration model which is suitable for imple 
mentation of an illustrative embodiment of a method of pre 
dicting thermal effect in a painted or coated composite mate 
rial is shown in FIG. 10. In block 1002, composite standards 
each having a painted or coated surface are provided. In block 
1004, the painted or coated surfaces on the composite stan 
dards are Subjected to varying degrees of heat intensity. In 
block 1006, the painted or coated surfaces on the composite 
standards are irradiated with infrared energy. In block 1008, 
the infrared energy which is reflected from the painted or 
coated Surfaces of the composite standards is detected. In 
block 1010, infrared spectra of infrared energy reflected from 
the surfaces may be obtained. In block 1012, the multivariate 
calibration may be performed using a PLS routine or another 
alternate multivariate calibration method. A calibration to 
thermal exposure or mechanical properties data may be made. 
In block 1014, the calibration model may be saved in an 
appropriate format. The calibration model may be converted 
to a method file for the hand-held spectrometer system and 
loaded into the spectrometer. In some embodiments, block 
1012 and block 1014 may be replaced by collecting a single 
set of Validation Spectra that can be calculated by each new 
iteration of the calibration method. Ideally, these Validation 
Spectra may be collected on samples that are not included in 
the calibration set. In block 1016, the new calibration model 
in the spectrometer method file may be used to predict the 
thermal exposure or mechanical properties of the material in 
question. 
0042. Although the embodiments of this disclosure have 
been described with respect to certain exemplary embodi 
ments, it is to be understood that the specific embodiments are 
for purposes of illustration and not limitation, as other varia 
tions will occur to those of skill in the art. 

What is claimed is: 
1. A method of predicting thermal or chemical effect in a 

painted or coated composite material, comprising: 
generating a calibration model; 
providing a composite material having a coating layer; 
irradiating said coating layer with infrared energy; 
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detecting infrared energy reflected from said coating layer, 
and 

predicting a thermal or chemical history of said coating 
layer using said calibration model and said infrared 
energy reflected from said coating layer. 

2. The method of claim 1 wherein said providing a com 
posite material having a coating layer comprises providing a 
composite material having at least one paint layer. 

3. The method of claim 1 wherein said providing a com 
posite material having a coating layer comprises providing a 
composite material having at least one non-paint coating. 

4. The method of claim 1 wherein said irradiating said 
coating layer with infrared energy comprises irradiating said 
coating layer with mid-infrared energy. 

5. The method of claim 1 wherein said detecting infrared 
energy reflected from said coating layer comprises obtaining 
an infrared spectrum of said infrared energy reflected from 
said coating layer. 

6. The method of claim 1 wherein said irradiating said 
coating layer with infrared energy and detecting infrared 
energy reflected from said coating layer comprises providing 
a spectrometer and irradiating said coating layer with infrared 
energy and detecting infrared energy reflected from said coat 
ing layer using said spectrometer. 

7. The method of claim 6 wherein said providing a spec 
trometer comprises providing a hand-held spectrometer. 

8. The method of claim 7 wherein said providing a hand 
held spectrometer comprises providing a hand-held spec 
trometer having a diffuse-reflectance sampling interface. 

9. A method of predicting thermal or chemical effect in a 
painted or coated composite material, comprising: 

generating a calibration model by calibrating infrared data 
to thermal or chemical effect information on painted or 
coated composite standards; 

providing a composite material having a coating layer; 
irradiating said coating layer with infrared energy; 
detecting infrared energy reflected from said coating layer, 

and 
predicting a thermal or chemical history of said coating 

layer using said calibration model and said infrared 
energy reflected from said coating layer. 

10. The method of claim 9 wherein said providing a com 
posite material having a coating layer comprises providing a 
composite material having at least one paint layer. 

11. The method of claim 9 wherein said providing a com 
posite material having a coating layer comprises providing a 
composite material having at least one non-paint coating. 

12. The method of claim 9 wherein said irradiating said 
coating layer with infrared energy comprises irradiating said 
coating layer with mid-infrared energy. 

13. The method of claim 9 wherein said detecting infrared 
energy reflected from said coating layer comprises obtaining 
an infrared spectrum of said infrared energy reflected from 
said coating layer. 

14. The method of claim 9 wherein said irradiating said 
coating layer with infrared energy and detecting infrared 
energy reflected from said coating layer comprises providing 
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a spectrometer and irradiating said coating layer with infrared 
energy and detecting infrared energy reflected from said coat 
ing layer using said spectrometer. 

15. The method of claim 14 wherein said providing a 
spectrometer comprises providing a hand-held spectrometer. 

16. The method of claim 15 wherein said providing a 
hand-held spectrometer comprises providing a hand-held 
spectrometer having a diffuse-reflectance sampling interface. 

17. A method of predicting thermal or chemical effect in a 
painted or coated composite material, comprising: 

generating a calibration model by calibrating infrared data 
to thermal effect information on painted or coated com 
posite standards; 

providing a composite material having a coating layer; 
irradiating said coating layer with mid-infrared energy; 
detecting infrared energy reflected from said coating layer; 
obtaining an infrared spectrum of said infrared energy 

reflected from said coating layer, and 
predicting a thermal or chemical history of said coating 

layer using said calibration model and said infrared 
energy reflected from said coating layer. 

18. The method of claim 17 wherein said irradiating said 
coating layer with infrared energy and detecting infrared 
energy reflected from said coating layer comprises providing 
a spectrometer and irradiating said coating layer with infrared 
energy and detecting infrared energy reflected from said coat 
ing layer using said spectrometer. 

19. The method of claim 18 wherein said providing a 
spectrometer comprises providing a hand-held spectrometer. 

20. The method of claim 19 wherein said providing a 
hand-held spectrometer comprises providing a hand-held 
spectrometer having a diffuse-reflectance sampling interface. 

21. A method of predicting thermal effect in a painted or 
coated composite material, comprising: 

generating a calibration model by providing composite 
standards having painted or coated Surfaces, Subjecting 
said painted or coated Surfaces on said composite stan 
dards to varying degrees of heat intensity, irradiating 
said painted or coated Surfaces on said composite stan 
dards with infrared energy, detecting said infrared 
energy reflected from said Surfaces and obtaining infra 
red spectra of said infrared energy reflected from said 
Surfaces: 

providing a composite material having a painted or coated 
layer; 

providing a hand-held spectrometer having a diffuse-re 
flectance sampling interface; 

irradiating said layer with mid-infrared energy from said 
spectrometer, 

detecting infrared energy reflected from said painted or 
coated layer with said spectrometer; 

obtaining an infrared spectrum of said infrared energy 
reflected from said painted or coated layer; and 

predicting a thermal history of said painted or coated layer 
using said calibration model and said infrared energy 
reflected from said painted or coated layer. 
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